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AN INVXSTIGATION OF THE: DOWNWASH BEHIND A HIGX-ASPECT-RATIO WING 

By Richard T . Whi  tcomb 

SUMMARY 

Damwash angles have been Ilmeasured at  points a t  two vertical posi- 
t ions a t  the p r o b b l e  tail location  behind a high-aspect-ratio wing 
w i t h  an NACA 65-210 eection with no lsweep and 30° 2nd 45' of sweepback 
and sweepforward i n  con3unction with a fuselage a t  Mach numbers up 
t o  0.96 i n   t h e  Langley 8-foot  high-speed tunnel. The r e su l t s  of these 
measurements show the  variations of d m m s h  with nornaal-force coeff ic ient  
and Mach number, but not the absolute  values of downwash f o r  any condition. 
The resul ts   indicate  that the d~,mwash angle f o r  a given  nomnal-force 
coefficient  behind  the  wing-without sweep Increases  rapidly when the 
Mach number is increased beyond the  force  break and decreases sharply at  
a Mach  number approximately 0.1 greater  than t h a t  a t  which it increases. 
The changes in the downwash angle f o r  given  nor&i-farc!i-&efficient 
with Mach  number behind  the wing with 30° of sweepback are   qual i ta t ively 
s i m l l a r  to   those  that occur  behind  the wing without sweep, but  they  are 
delayed by sweep  by approximately  the same Mach numbr increment as is 
the  force  break. The downwash angle f o r  a given  normal-force  coefficient 
behind .the wing with 45O of sweepback changes  very slightly when the Mach 
number i s  increased up t o   t h e  highest test value, as do the  normal-force 
an3 profile-drag  coefficients  for a given angle of a t tack.  The varf- 
ationa of the downwash angles  for  given  normal-force  coefficients  with 
Mach niiinber f o r  the wing with 30° of sweepforward are very  errat ic ,  
varying considerably  with  normal-force  coefficient and survey posit ion.  
The r a t e s  of var ia t ion of downwash angle with  normal-force  coefficient 
f o r   t h e  wing with 45' of sweepforward are  very  large a t  moderate n o m l -  
force  coefficients.  

INTRODUCTION 

V e r y  l i t t l e  detailed information  concerning  the,effect of compressi- 
h i l i t y  on the flow  around swept and unswept wings at  high  subsonic 
speeds is available.  I n  order  to  obtain  additional  information on 
compressibility effects, extenaive pressure measurements have been made I 
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on and behind a high-aspect-ratio wing with NACA 65-210 sections and no 
sweep and modified to   ob ta in  30' and 45' of sweepback and sweepforward. 
Tests were made f o r  all sweeg configurations of the wing in  conjunction 
with a midwing fuselage. These measmments have been made at Mach 
numbers from 0.6 t o  0.g6 in the Langley 8-foot high-speed tunnel. The 
normal-force, pitching-moment, profile-drag, and aerodynamic-lading 
coefficients for the wing and fugelage  obtained from these  pressure 
measuremento are presented in  reference 1. Presented hereFn is an 
analysis of the  effects  of compressibility on the downwash as determined 
from yaw-head measuremente made at two vert$cal.posit ions in the regton 
of the  probable tail locations of conventional airplanes. 

d 

The wing-f'uaelage combination  used f o r  thls investigation is described 
i n  reference 1. The model.w@s supported i n  the tunnel by means of the 
ve r t i ca l   s t ee l   p l a t e  a8 described i n  reference 2, and sweep m a  obtained 
by rotating  the wing with  rwpect  t o  the pla te .  The plan form of the 
semispan  cambination  with 30 of sweepback is shown in   f igure  1. The . 

general dimensions of the var ious  swept configurations are given in 
table  I. 

The damwash angles at the two vertical poeitions  behind  the  various 
configurations  were-measured by two small yaw heads w i t h  the dimensicma 
shown in   f i gu re  I. Total pressures a t  the  positions of the yaw heads 
were measured by means of total-pressure  tubes  placed a t  the centers of 
the yaw heads as shown i n   t h e  same figure.  The  yaw heads were attached 
t o  the fuselage by means of a curved strut as shown i n  figure 1. The 
positions of the yaw heads with reference t o  the varioua configurations 7 
a re  given in   t ab l e  I. The yaw heads were caUbrated at  the teet"ach 
numbers by rotat ing them through various angles with  respect t o   t he  
support. 

. .  

L 

The difference8 between the readings of the two  yaw tubes of a given , 

yaw head f o r  the cal ibrat ion and test have been  converted t o  ncjn- 
dimensional coefficient form by dividing the  differences by the local- 
dynamic-pressure values determined, assuming the   loca l - s ta t ic -pressm 
values t o  be equal t o  the stream etatlc  presgure. The e f fec t  of such aq 
asmmption on the dawnwash angles is &ssWJI.ed t o  be negligible.  The  yaw- 
head calibrations  obtained f o r  a given  stream Mach number have been ueed 
t o  determine the downwash angles at  that stream Mach number regardless 
of the  values of local Mach number. The ef fec t   o f .var ia t ions   in  Mach 
number on the  calibr&tions is small, however, and the errore introduced 
into  the  resul ts  by the use of such a method are negligible  for moat . .  

conditions. 

. -. 



An analysis of possible  sources of error   indicates   that , for   the con- 
di t ions at which there is  only  a small variat ion of t h s  local Mach number 
from the strem Mach number, the maxihum e r ro r   i n   t he  change i n  the down- 
wash a%& prcduced by e i the r  a c h a q e  in  normal-force  coefficient  or 
Mash Ember i s  l e s s  than 0.10. For the few conditio& w h e r e  the yaw head 
became en~eloped  by the wake and the  conditions a t  the yaw heads differed 
considerably from those  present  during  the  calibration runs, the downwash 
angles presented may be considerably i n   e r r o r .  The wake enveloped  the 
yaw heads pr insipal ly  at the gigher  ngmal-force  coeffisients and Mach 
numbers fo r   t he  wings with 30 and 45 of sweepf orward. 

The se t t ings  of the yaw heads for  given m s  may,have inadvertently 
been in  e r ro r  by some angle less than 1.0'. Therefore, although  the changes 
in  the downwash angle produced by variations of t he   noml - fo rce   cce f f i c i en t  
'or Mach number are usually i n   e r r o r  by less thas C.lo, the  absolute maqi- 
tude of the downwash angles presented may be i n   e r r o r  by as much as 1 .O . 

The cross f l o w  at the  survey  positions was probably  very mall, and 
t he   e r ro r  due t o  such  cross flow is therefore  probably  negligible  for 
a l l  test  conditions. 

c 

The Mach numbers have not  been  corrected  for  tunnel-wall  interference. 
Estimations of the order of magpitude of thfs  interference,  using  the 

be appl ied   to  dynamic pressure a,nd Mach numbers f o r  al l  conditions  except 
t ha t  of no sweep a t  a Mach number of 0.925 are Less, and in most cases 
much less ,  than 1 percent. The corrections t o  be  applied t o  the Mach 
numbers f o r  no sweep a t  a MElch number of 0.925, the m a x i m u m  test value 
for   this   configurat ion,  m y  be as large as 3 percent.. The downwash 
angles have been  corrected  for tunnel-wall interference,  using  the 
equations  presented i n  reference 3 which a re  for an unmept wing. The 
downwash corrections  applied at Mach numbers of 0.6 a,nd 0.95 were 
approximately 6 and 8 percent of the measured values, respectively. 

- expressions  presented in   reference 2, indicate that the  corrections  to 

The Clownwash angles have been  determined for   the  same Mach numbers 
and angles of a t tack  as those at which the pressure msasurements were 
made on the wing ( table  II) . The variations of downwash angles  with 
normal-force  coefficient at  the  various Mach numbers and f o r   t h e  two  yaw- 
head posit iana and the   f ive  sweep angles  are  presented i n  f igure 2. The 
variations of the downwash angles with Mach  number f o r  normal-force  coef- 
f i c i en t s  of 0.2, 0.4, and 0.6 for   the  var ious sweeps are   presented  in  
figure 3. The normal-force  coefficients  used  are  those  obtained  for  the 

c complete wing-fuselage combination and a re  defined in   reference 1. These 
coefficients are very nearly  equal t o  the l i f t  coef f ic ien ts   for   ident ica l  
conditions. Any dlscrepancy i s  less than tha t  due to   t he  probable maxi- 

coeff ic ients   for  complete  wing-fuselage  combination  with angle of a t tack  
are  presented i n  f igure 4. The symbols used on the figures a r e  def lned 
in  table I. 

. mum e r r o r   i n   t h e  measured angles. The variations of the  normal-force 
c 
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When the Mach number wae increased from 0.60 t o  0.96, the Reynolds 
numbers fo r   t he  unswept wing based on the mean chord  varied from 
1.05 X 10 t o  1.25 X 10 . The Reynolds nmbers   for  the swept w i n g s  were 
greater than these  values by the   ra t ios  OS chords of the swept wings t o  
the mean chord of the =ept wlng ( table  I).  

6 6 

1 

Unswept configuration.-  For  test angles of a t tack up to those a t  
which the wing begins t o  stall ( f ig .  4(a)), the  variations of downwash 
angle w i t h  normal-force  coefficient are very  nearly the earn a t  most 
Mach numbers up to  the  highest   test   value,  0.95 (figs. 2(a) and 2 ( b ) ) .  
The dah obtained at a Mach  number of 0.6 indicate that when wing stall 
occurs  the downwash angle increases  abruptly. This  increase may be 
a t t r i bu ted   t o  the presence of the  strong wake that passes below the 
point of mqasurement; as pointed  out in  reference 4, the  turbulent 
mixing and diffusion of the wake cauaee a gradual  reduction of i t s  
displacement  thicknsss,  with a consequent inflow of the surrounding air  
toward the  center of the wake, corresponding t o  an increase of downwash 
above the wake and a decrease of downwash below the wake. The wing stall 
and the  increase  in downwash associated Kith it may probably  be  affected 
by increasing  the. Reynolds number. 

‘At a Mach number of 0.89 and very low and negative  normal-force 
coefficients,   the  variation of dmwash with  normal-force coefficient i s  
greater than the variation8  for the other  condltiona. 

As the Mach  number is increased t o  the  value a t  which the  flow over 
the surface of the wing separates due t o  the onset of shodr, that is, 
the  force-break Mach number, as indicated  in  f igure 10 of reference 1 
and by the dashes in   f igure  3, the dowmash for a given  normal-force 
coefficient  decreases gradual*, due t o  the  contraction of the  potent ia l -  
flow field around the wing i n  the stream direct ion  descr ibed  in   refer-  
ences 3 and 5 ( f igs .  3(a) and 3(b)) .  The exact  variation of downwash 
with Mach nuniber between Mach numbers of 0.6 and 0.8 1s not  indicated, 
however, due t u  the  lack of tes t   points  i n  t h i e  range. 

When the Mach number is increased beyond that of force  break,  the 
downwash f o r  a given n o m 1  force  increases  abruptly.  This  increase may 
be at t r ibuted  pr imari ly   to   the  fact  that, when the  force-break Mach number 
of the wing is  exceeded, the  inboard  sections of the wing experience a 
emaller  reduction in normal-force coefficient  than do the mldsemlspan 
sections of the wing, as sham in  figure 2 1  of reference 1. These 
amaller reductions are due t o  the unexpected rel ieving  effect  that the 
slender, midwing fuselage has upon the flow over the wing, which i s  
indicated by unpubliehed data. As a resul t ,   the  normal-force  coef- 
f i c i e n t s  of the inboard Elections for a given over-all nonnal-force 
coefficient  increase, and the  downwash behind  them  sections  increases. 
The increase m y  aleo be a t t r ibu ted   to   the   fac t  that the d m s h  at 

. 
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. the s m e y  positions i s  affected by the  increase i n  the  intenei ty  and , 

extent of the wake behind  the wing associated  with  the  onset of  shock 
and separation of the flow over  the upper surface of the wing. A s  i n  
the  case of the  s ta l led w i n g ,  the  flow  behind the wing tends t o  move 
into  the more intense wake and the downw73sh above the wake increases. 

A t  the lower  normal-force  coefficients when the  Wch number i s  
increased beyond a value which i s  approximately 0.1 greater  than that 
at  which the downwash increases,  the downwash f o r  a given  normal-force 
coefficient s t a r t s  t o  decrease.  This is probably  caused by three- Changes 
which OCCUT at approximte ly   th i s  Mach number: the  differences between 
the  normal-force  coefficients  of  the mldsemispan and inbcard  poaitions 
of the wing decrease  abruptly, as shown in f igure 21 of  reference 1; 
the  strength and. d e n t  of-  the intense wake produced by separation on 
the  upper  surface of the wing starts t o  decrease  sl ightly,  a8 indicated 
by unpubli'shed data; and the  extent of the f ie ld  of flow in the stream 
direction  decreases more rapidly  because of the  rapid  increase i n  the 
extent  of  the  region of  supersonlc  velocit ies.  

c The nature of the change8 of the dmwas'h angle with Mach  number 
f o r  a given  normal-force  coefficient is, in   geneml ,   the  same as that 
of the changes that occurred  behind the same wing without a fuselage 

i n  downwash  when the  force-break  Mch number i s  exceeded is  much la rger  
with a fuselage  present than ths  increase i s  when no fuselage i s  present, 
however. This  difference may be  a t t r ibuted  pr imari ly   to   the  fact  that, 
at  these   supe rc r i t i ca l lkch  numbers, the normal-force  coefficients  for 
the  inboard  sectians  with  the  fusehge  present are much greater  than 
they w e r e  when it was not  present  because of the re l iev ing   e f fec t  of the 
fuselage  previously mentioned. 

- present  (reference 5 ) ,  as shown i n   f i gu res  3(a) and 3(b) . The increase 

The apparent h rge   d i f f e rences  between the do-,mwash angles f o r  a 
given  normal-force  coefficient a t  the two ver t ica l   s ta t ions  and the  
presence of negative dawnwash f o r  a zero  normal-force  coefficient  for 
many conditions  for a l l  sweeps may be due in p a r t   t o  the presence of the 
fuselage,  but are probably due pr imari ly   to   errora  in the  sett inge of 
the yaw heads as mentioned in  the  sect ion on errors  and  corrections. 

Sweepback of 30°.- The var ia t ions of  dommsh angle with the normal- 
force  coefficient a t  a given survey position  behind  the wing wlth 30° 
of sweepback a re  approximately the same at a l l  Mach numbers  up to   those  
of force  break  for all normal-force coeff ic ients  up t o  that of stall 
( f ig .  4(b)) *re the  dawnwash increases  abruptly  (figs.   2(c) and 2 ( d ) ) .  
The data presented in figure 16 o f .  reference 1 indicate  that, with 30° 

downwash m y  be  a t t r ibuted  to   the  inboard  shif t  of the load on the wing 
instead of t o  a.n inf'lm into  a la rger  wake as it is f o r   t h e  wing without 

greater  than that f o r  the wing without sweep at a given  survey  posit&on; 
a t  a Mach  number of 0.6 the rates of variation  are  approximately 4.1 /CN 

- of sweepback, the stall occurs i n i t i a l l y  at the  t ip ,   ana  the change i n  

- sweep. The rate of var ia t ion at  a given  survey  position is  sonmewhat 
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for   the upper yaw head and 4.3O/C, fo r   t he  lower yaw head for   the  wing 

with 30' of sweepback, compared with values of 3.5 and 3.6  f o r  the wing 
wlthout sweep. The differences between the  values  obtained a t  the two 
sweeps may be at t r ibuted  not  only to  the  differences of the   f ie lds  of 
flow f o r  the. w i n g  wlth sweep, but also t o  the variations of geometric 
parameters  such as the  relative  survey  position8 and the  lower  aspect 
r a t io .  

When the Mach  number is  increased beyond tha t  of force  break,  the 
ra tes  of var ia t ion of downwash lee  with  normal-force  coefficient 
increase. A t  a Mach  number of 3 0 9 f o r  the lower survey posit ion it 
increases by a8 much ae 75 percent. 

The changes i n  the downwash angle with Mach nmber   for  a given 
normal-force  coefficient  behind the wing with 30° of sweepback are  
genemlly similar t o  those that occur  behind the wing Xithout sweep 
but  are  delayed  to somewhat higher Mach numbers (f iga.  3 (c) and 3 (dj) . 
When the Mach number i e  increaeed beyond that of force break, as 
indicated Szy the dashes in   f igures   3 (c)  and 3.(d), the downwash f o r  a 
given  nonnal-force  coefficient  increases as it does behind  the wing 
without sweep. The increase  in  downwash f o r  the wing with sweepback i s  
delayed by approximately  the 8- Mach number increment a0 i s  the  force- 
break Mach number f o r  the same normal-force coefficient;   the  force  breaks 
for   the  wing with sweep occur at Mach numbers approxlmately 0.07 greater  
than  those a t  which the increases  occur f o r  the wing without sweep, and 
the  increasea  In downwash for   the  swept wing occur a t  similar increments 
above those at  which they occur for the uwwept wing for   the same normal- 
force  coefficients.  The increase  in  downwash is  due to   t he  @€me fac tors  
which produced the similar increase  behind the wlng without sweep: an 
inboard shift in the center of load due t o  the aeparation of the  flow 
over the wing as shown i n   f i g u r e  22 of reference 1, and an expansion 
of the wake ahead of the yaw head. 

The data f o r   t h e  higher normal-force  coefficients  Idicate that the 
downwash s ta r ted  t o  decrease when the Mach  number was increased beyond 
a value  approximately 0.1 greater than that at  which the  increase  in 
downwash occurred, as it did in the  case of the wing without sweep. The 
change can  probably be a t t r i b u t e d   t o  several of the same fac tom which 
produced the similar change in   t he  downwtwh behind the wing xithout 
sweep, t ha t  is, the  reduction of the amount of separation  and  rapid con- 
t rac t ion  of the field of flow. 

The maximum increases   in  d m w a s h  at  a given survey position behind 
the swept wing a re  somewhat greater than the m x l m u m  increase a t  the 
same yaw head behind the unswept wing for the saw normal-force ooef-  
f i c i en t .  This difference may probably  be a t t r ibu ted   to   the  more pro- 
nounced inboard shift  in   the  center  of load on the swept wing shown i n  
figure 22 of reference 1 and to   t he   f ac t  that survey  positions a m  lower . 

". 
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and f a r the r  forward i n  terms of the  reference  chord, which laads t o  a 
la rger   e f fec t  of a given  increase in  the  re la t ive  extent  of the wake i n  
terms of the reference c.hord. 

Sweepback of 45O.- The variations of  domwash angle  with normal- 
force  coeff ic ient   for  the wing with 45' of sweepback a r e  very nearly 
the same f o r  a l l  Uach numbers up to   the  highest  test value, 0.96, and 
f o r  normal-force  coefficients up t o  approximately O .5 ( f igs .  2 (e) 
and 2 ( f ) ) .  When the  normal-force  coefficient is  increased beyond t h i s  
value, the downwash angles increase  rapidly.  This  increase i s  due t o  
the  onset of s e p a m t i m  at  t h e   t i p  of the wing, which leads t o  an 
inboard s h i f t  i n  the  center of l i f t ,  as shown in  f igure 16 of  reference 1. 
A t  normal-force  coefficients  of less than 0.5, the dmwash angle f o r  a 
given  normal-force  coefficient  decreases  very gradually when the Mach 
number is hc reased  up t o  the highest test value  (figs.  3(e) and 3 ( f ) ) .  
The rate of decrease is probably somewhat less than that fo r   t he  unswept 
wing and the wing with 30' of sweepback due t o   t he  slower  contraction of 
t h e   f i e l d  of flow f o r   t h e  wing with a la rger  amount of sweep. 

The results  presented in  reference 1 indicate that there   are  no 
abrupt changes i n  the normal-force and prof i le -drag   coef f ic ien ts   for  a 
given angle of attack  aesociated  wlth an onset  of  shock and sepamtion 
fo r   t he  wing with 45' of sweepback up t? the   highest   tes t  Mach numbers 
f o r  this configuration, and it would therefore  be  expected that there 
wmld  be no abrupt changes i n  the downwash f o r  a glven  normal-force 
coeffcient  behind  this wing with 45' of sweepback, such as there were 
behind  ths wing without sweep and 30' of sweepback, up to   the   h ighes t  
t e s t  Mach numbers since such  changes are  associated  with the onset of 
shock and sepamt ian  on the  surface of the wing. 

Sweepforward of 30°.- The var ia t ion of downwash angle with normal- 
force  coefficient a t  both  survey  positions  behina  the wing with 30° of - 

sweepforward f o r  a Mach number of 0.6 is very n e a r u   l i n e a r  up t o  a 
normal-force  coefficient of approximately 0.5 ( f igs .  2(g) and 2(h) ) .  
Beyond t h i s  value of norrhal-force coeff ic ient ,   the  downwash angle 
insreases as a r e s u l t  of inflow  into the large wake which develops  behind 
the  wing-fuselage  juncture, as shown in  figure 17 of reference 1, because 
of separatior- at this juncture. 

The V a r i a t i a m  of the downwash angles f o r  given normal-force coef- 
f i c i en t s  with Mach nuniber f o r  the wing with 30° of 8weepfomax-d are Very 
er ra t ic ,  Varyrng considerably with normal-force coefficient and SUrpey 
posit ion  (figs 3 (g) and 3 (h) >'. 

A t  the  upper survey posi t ion and the  lower  normal-force  coefficients, 
the downwash increases and then  decreases  abruptly. The changes  occur a t  
somewhat lower Mach numbers than do the similar changes  behind the wing 
with 30' of sweepback. The relatively  early  increase in  downwash may be 
a t t r i b u t e d   t o  an inflow  into  the wake ahead of  and just  inboard  the yaw 
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head  produced  by  separation  at  the  wing-fuselage  juncture.  Unpublished 
data indicate  that  this  separation  occurs  &t  relatively  low m c h  numbers 
in comparison.with  those  at  which  separation  occurs on the  outer  sectfane 
of  the  sweptforward wing or on the  sweptback wing. The  following  rela- 
tively  early  decrease  of  downwash  for  the  same  condition can probably 
be  attributed  to  the  envelopment  of  the yaw head by the  expanding wake. 
Unpublished data indicate  that  this  envelopment OCCUTB at approximately- 
the same Mach  number as that  at  which  the  decrease in downwash OCCUTB. 

At  the  lower  survey  position and the lower normal-force  coefficients, 
the  downwash  does  not  increase and then  decrease  abruptly  as  it  does at 
the  upper  survey  position. It would be expected  that  the  changes at 
this  lower survey position  would  be  similar to, but more aevere  than, 
those  at t h e  upper survey position,  as is the case for  the win- without 
sweep and with  sweepback.  The  reason  for  the dif'ference between  the 
actual  and  expected  changes  is unknown. 

A t  the  higher  normal-force  coefficients,  the  downwash  for a given 
normal-force  coefficient decreases abruptly  at a relatively low Mach 
number.  This  decrease may be  attributed  to  the same factor  which cawed 
the  similar  but snraller decrease  at  lower  normal-force  coefficients, 
that  is,  to  the  envelopment of the yaw head by an expanding  wake.  The 
fact  that the reduction in downwash  is  eaxlier and more abrupt  at  these 
higher normal-force  coefficiente  can be attributed  to a much earlier 
and more severe  onset  of  separation  at  the  wing-fuselage  juncture for 
these conditions,  which  is  indicated  by  unpublished data. 

Because of these early, erratic  changes in the  downwash, an airplane 
with  such a meptfomrd wing and a tail at t h e  survey  positions may 
encounter large changee in trim.  Since the erratic  changes in the down- 
wash angle behind  the wing are  due  to  the  separation  at  the  wing-fuselage 
Juncture,  it  might  be  possible  that.  they  could  be  reduced  by a consider- . 
able  amount by reshaping  the  wing and fuaelage  near  the  juncture to 
reduce  this  separation. 

Sweepforward  of 45'. - The ratee  of  variation  of  downwash angle with 
normal-force  coefficient  behind t h e  wing with 45' of  sweepforward  increase 
gradually from values which  are  relatively  large in comparisan  with  those 
for  the wing without meep f o r  low normal-force coefficients  to  extremely ."" .. 

large values  at t h e  high normal-force  coefficients at all t e s t  Mach 
numbers  (figs. 3 ( i )  and 3 ( j ) ) .  Because  of  this  increase,  the  rate  of 
variation  of dmwash with  normal-force  coefficient.  exceeds  the  rate  of 
variation  of  angle  of  attack  with  normal-force  coefficients  (fig. 4). 
For example, this occum at a normal-force  coefficient of approximately 0.5 
f o r  a Mach  number of 0.6 at the lower yaw-head  position. These results 
indicate  that a tai l  placed  at a relative  position  corresponding  to the 
survey  positione  behlnd a wlng with  this  amount of sweepforward will 
contribute a destabilizing  effect to an airplane at moderate  normal-force 
caefficients. This increase in the  rate of variatlan o f  dowwash with 
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normal-force coefficient is due t o  a gradual increase in  the  strength and 
extent of the separated flow at the wing-fuselage  juncture, as indicated 
by unpublished data. A s  mentioned previouely,  ths air flows into  the 
wake and the downwash above the wake increases. 

This  increase i n  the   ra te  of var ia t ion of  damwash angle  with normal- 
force  coefficient is greater at  the  lower  survey  position than at  the 
upper posit ion because  the  effect of wake is stronger at the  lower 
posit ion.  The increase is generally more pronounzed a t  the  higher Mach 
numbers up to   the  highest  test  value, 0.96, than a t  the lower values due 
t o  an increase in the  extent of separation with Mach number, indicated 
by unpublished data. For  the  lower survey posit lon at the  higher normal- 
force  coefficients,   the rate of variation  decreases  with Mach number 
because, as shown by unpublished data, at  these  canditions the wake starts 
t o  envelop the lower yaw head as it did  behind the wing with 30' of sweep- 
forward a t  the  higher Mkch numbers. 

d 

The  downwash f o r  a given law normal-force  coefficient  generally 
decreases when the Mach  number is increased up t o  the  highest test value, 
as it does  behind  the  other  configurations (fi-. 3 ( i )  and 3 ( j ) ) .  C 

The results of downwash-angle measurements, made a t  two v e r t i c a l  
positions  behind a high-aspect-ratio wing with an NACA 65-210 a i r f o i l  
section and sweep angles of Oo, t30°, and +45O, in  conjunction  with a 
a fuselage at  Mach numbers up t o  0.96, indicate  the  following: 

1. The  downwash angle   for  a given  normal-force  coefficient  behind 
the wing without sweep increases  rapidly when the Mach number is increased 
beyond the  force  break a;nd decreases sharply a t  a Mach number approxi- 
nvstely 0.1 greater than that at  which it increases. 

2. The changes in   t he  downwash angle   for  a given normal-f orce  coef- 
f ic ient   with Mach number behind  the wing with 30° of m e p h c k  are q u a l i  - 
t a t i ve ly   s iml l a r   t o  those that occur  behind  the wing without sweep, but 
they  are  delayed by sweep by approximately  the sane' Mach number increment 
as i s  the  force break. 

3. The downwash angle f o r  a given  normal-force  coefficient  behind 
the w i n g  with 45O of sweepback changee verg  8lightl.y w h e n  the &ch number 
is  increased up to   the   h ighes t   t es t  value, as do the,normal-force and 
prof i le-drag  coeff ic ients   for  a given angle of at tack.  

4. The variations of the downwash angles f o r  ven nornaal-force 
coefficients  with Mach number for   the  w i n g  with 30 ej' of sweepfomrd  are  
very erratic,  varying  considerably with normal-force  coefflcient and 
survey posit ion.  
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5 .  The .rates  of  variation of donarash angle with normal-force  coef - 
ficient  for  the  wing  with 45' of  sweepforward  are  very large at  moderate 
normal-force  coefficients. 
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